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Axions and other putative feebly interacting particles with a mass of tens to several hundreds of keVs can
be produced in stellar cores with a Lorentz boost factor E,,/m, < 10. Thus, starburst galaxies such as M82
are efficient factories of slow axions. Their decay a — yy would produce a large flux of x-ray photons,
peaking around 100 keV and spread around the Galaxy by an angle that can be relatively large. We use
observations of the Nuclear Spectroscopic Telescope Array mission to show that the absence of these
features can constrain 30-500 keV axion masses into uncharted regions for axion-photon coupling of
Gay ~1071°-107"2 GeV~!. Our argument can be applied to other heavy feebly interacting particles and
astrophysical sources that are hot enough to produce them, yet cold enough to avoid large boost factors

which slow down the decay.
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Introduction—Axions, sterile neutrinos, and other hypo-
thetical feebly interacting particles (FIPs) with a mass in the
keV-GeV range have increasingly been in the spotlight in
recent years [1-25]. While the most stringent bounds on
lighter FIPs often rest on stellar cooling arguments (see,
e.g., [26-28]), as they would affect the standard evolution
of stars, the existence of heavier FIPs is constrained by the
null observation of the daughter particles produced by their
decay. One representative case of such FIPs is an axion
with a two-photon coupling £L,,, = g,,aE - B. Here we
use natural units 2= c =1, so that g,, has dimension
(energy)~!. Barring cosmological bounds (which depend
on different parameters, such as the reheating temperature
value [29-31]), strong constraints for axion masses m,
between the eV and the MeV scale come from the observed
cooling of horizontal-branch stars [32,33], from the pos-
sible decay of axions produced by main sequence stars
[34], and of axions gravitationally trapped around the Sun
(“solar basin”) [35,36].

At heavier masses, above the MeV range, the best
probe is offered by the remnant of core-collapse super-
novae (SNe), an extremely hot (7 ~ 30 MeV) and dense
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(p ~ 10" g/cm?®) protoneutron star [26]. Axions as heavy
as O(1 GeV) could have been copiously produced in
SN1987A through Primakoff effect and coalescence. The
photons produced by their subsequent decay a — yy would
have shown up in x-ray and gamma-ray observations of
SN1987A realized with the Solar Maximum Mission
[3,7,10] and the Pioneer Venus Observatory [18]. Other
constraints from astrophysical transients also get weaker
for smaller masses, e.g., the bounds from low-energy
SNe [11], and from the electromagnetic signal of the
GW170817 event [37,38]. The general lesson is that the
most constraining bounds are obtained for axions light
enough to be produced, and heavy enough that the Lorentz
boost does not impede their decay.

Here, we point out that this lesson can be extended to
lower masses m, <1 MeV by looking at sources hot
enough to produce the axion, but with temperatures much
smaller than the remnant of core-collapse SNe, so their
Lorentz boost is smaller. Starburst galaxies (SBGs) meet
exactly this requirement due to their intense star-forming
activity and their large number of stars reaching temper-
atures up to several tens of keV. This is quite visible in
Fig. 1, showing the temperature and density profile for a
typical star in the mass range that dominates the aggregated
emission from the SBG.

Perhaps the most well-known SBG is M82, also known
as the Cigar Galaxy. We show here that the axions produced
in the stellar cores within the SBG should decay on their
way to Earth and produce a photon flux peaking around a
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FIG. 1. Temperature and density profile for a star with an initial

mass of 20M, at an age ~8.7 Myr, as a function of stellar radius
in units of the solar radius Rg. Such stars dominate the emission
of axions from M82, since lighter stars attain smaller temper-
atures, while heavier stars are much less numerous.

hundred keV, and with a characteristic angular distribution
that can be either narrowly centered around MS82, or
widened up to even several arcminutes around the source
due to the delayed decay of the mildly relativistic axions.
Therefore, we can use the observations of M82 from
the Nuclear Spectroscopic Telescope Array (NuSTAR)

telescope [39], primarily in the energy range of E, between
30-70 keV, to constrain the magnitude of this flux. By this
strategy, we obtain the bounds shown in Fig. 2, which
exclude a new window of the parameter space as large as
one order of magnitude in coupling.

Stellar population and axion production—Axions inter-
acting with photons can be produced in stars via two
processes. For m, < T, the only relevant mechanism is the
Primakoft effect y + Ze — Ze + a [11,41-45], in which
thermal photons are converted into axions in the electro-
static field of charged particles. For larger masses, the
photon coalescence yy — a [11,44,45] becomes important.

To compute the axion emission spectra from MS2,
we evaluate the axion production from individual stars,
and then determine the aggregated signal from the stellar
population of the Galaxy through the star formation
history (SFH) and the initial mass function (IMF), describ-
ing the stellar distribution according to their age and
mass, respectively. As further discussed in Supplemental
Material (SM) [46], we compute the axion spectra from
individual stars using radial profiles computed through
the one-dimensional stellar evolution code Modules for
Experiments in Stellar Astrophysics (MESA) [63,64]
(release 123.05.1). The dominant contribution to axion
emission in M82 comes from high-mass stars (with mass
M = 20M ) [65], so we employ a grid of models between
20 and 80M, spaced by 10M, evolved using the default
MESA suite and in-list for high-mass stars [66], from pre-
main sequence to the onset of core collapse, providing us
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FIG. 2. Novel bounds on axions produced in M82 and decaying to photons. We show previous bounds from the literature
[7,10,31,33,34,36], all extracted from Ref. [40], in gray. We also show the bounds from spectral distortions (SDs) taken from Ref. [31];
see main text for a discussion of these bounds.
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with stellar profiles at different ages, depending on the ini-
tial stellar mass. For instance, we show in Fig. 1 the temper-
ature (blue) and the density (red) as a function of the stellar
radius for an initial 20M, star at an age ~8.7 Myr. We
describe the stellar population in M82 using the SFH and
the IMF adopted in Ref. [65]. The SFH is a “two-burst”
model described by Rpel0/% for t < .. with the
normalization constant R, different for the two bursts
and 7, = 1.0 Myr the characteristic decay timescale [67].
The old burst is characterized by f,, = 9.0 Myr and
Ry =31My/yr, while the younger one by fy,q =
4.1 Myr and Ry = 18M/yr [67]. On the other hand,
we assume the IMF for M82 to be o« M~>33 at high mass
and flat below ~3M, with a cutoft at 100M, [67]. Thus,
the total axion production spectrum is

av,
dE,

dnN?
dE,’

= Nyt / dM ,dt,IMF(M,)SFH(t,) (1)

where N,,, = 1.8 x 10'° [65] is the total number of stars in
MS2 estimated using luminosity observations [68] and
color-mass-to-light ratio relations for disk galaxies from
[69], and dN%/dE, is the production spectrum from the
single star with age ¢, and initial mass M,. The determi-
nation of the axion production from each star is based on
standard emission rates, as detailed in SM [46]. For the
couplings we are interested in, the axion feedback on the
stellar evolution is negligible since the axion luminosity is
well below the stellar one. After integrating over the stellar
population, we find that the dominant contribution to the
axion production in M82 comes from stars with initial
mass 20M, and that the photon coalescence is the main
production process for m, = 30 keV.

Photon spectrum—The decay of axions leads to the
production of photons of comparable energies. When the
decay is sufficiently slow, the decay length can become
comparable with the distance between M82 and the Earth;
in this case, photons can reach Earth even from directions
away from M82. In the SM [46], we deduce the differential
flux d®,/dE,df of these photons in energy E, and angle
from the source f to be

do +o0 2dE \ E
f :/ dE, cos pdNa/d £ 0O (cosf — cos )
Emmm

dE,d, Pa 4rxr

Fama

)

I',m,rsin ﬁ}

* exp [_ P, siné

pysing’

Here, I', = g2,m} /64 is the rest-frame decay rate of an
axion with mass m,, E,, and p, are the axion energy and
momentum, so that the velocity is v, = p,/E,, ® denotes
the Heaviside theta, r = 3.8 Mpc is the distance between
MS?2 and the Earth, and € is the angle between the axion
and photon direction at the moment of decay, with

1 E
0=—|1-—2(1-02)|. 3
coso = | 7 )] (3)

Equation (2) already includes a projection factor cos f# for
the photons impacting on a unit area of the detector,
although for the small angles considered here it is irrel-
evant. We can clearly identify two extreme regimes: if
I'm,r/p,sin@ > 1, the flux is strongly suppressed at large
angles. The axions are decaying very rapidly and the
photon flux peaks close to the central source. On the other
hand, if I'm,r/p,sin@ < 1, the exponential suppression
becomes irrelevant, and the photon flux becomes mostly
independent of f for f# < 1. Notice that this is still much
more peaked toward small angles 8 than an isotropic flux,
for which we would have d®, /dE,dff « sin 3, but is spread
over a wider angular range than the usual point source
predictions. Thus, the best region for constraints is close to
the center, but not exactly at the center where the standard
astrophysical signal from M82 is largest. This motivates us
to perform an angular and spectral analysis to draw our
constraints.

Figure 3 collects the spectral and angular distribution of
the produced radiation for increasing axion-photon cou-
pling g,, and a fixed m, = 316 keV; we denote by F, =
| ®,E,dE, the photon energy flux. The central benchmark
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FIG. 3. Energy (main plot) and angular (inset) distribution of
the photons from axion decay. The angular and energy range used
in the analysis of the NuSTAR observations is highlighted in
gray. The energy distribution d®, /dE, is integrated over photons
within the angular range used in the analysis; similarly, the
angular distribution of the integrated energy flux dF,/dp is
integrated over photons between 30 and 70 keV.
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coupling choice corresponds to the constraint we obtain
and it is shown in Fig. 2. Around this value of coupling,
the photons from axion decay have two unique features
compared to the standard M82 signal: they are spread over
a range of a few arcminutes (comparable with the angular
range we use for our analysis), while still being visibly
nonisotropic, and they peak at energies of 100 keV, while in
the standard case hot thermal photons from stellar cores
with comparable energies of course cannot reach us.
NuSTAR data and results—We analyze and process 26
observations of M82, totaling ~1.96 Ms of exposure time,
obtained from archival data of the NuSTAR Observatory
[39]. NuSTAR, the first high-energy focusing x-ray tele-
scope in space, operates within the 3—79 keV energy range,
making it highly suitable for probing an axion signal from
the stars of M8&2. It consists of two identical coaligned
instrument lines, each equipped with independent optics
and focal-plane module (FPM) detectors, referred to as
FPMA and FPMB. Each telescope subtends a field of view
of approximately 13’ x 13/, with an angular resolution of
about 60" half-power diameter for a point source located
near the optical axis. These grazing-incidence telescope
modules enable NuSTAR to focus x-rays efficiently onto its
focal plane detectors, providing high sensitivity and reso-
Iution for our analysis. Data from both detectors were
reduced using HEASoft software version 6.34 [70] and
NuSTARDAS version 2.1.4. We defined a circular source
region with a radius of 60” centered at the coordinates
of MS82 (in right ascension (RA) and declination
(Dec), epoch = J2000): RA = 09"55™"52.43%, DEC =
+69°40'46.9". Additionally, we define eight concentric
annular regions ranging from 60” to 237", with an equi-
distant separation of 22" (see SM [46]). Spectra are
extracted from each annular region, allowing us to inves-
tigate the angular distribution of photons. We do not
perform any background subtraction, as the signal is antici-
pated to encompass the entire field of view, but we later
include an isotropic background as a free fit parameter. As
detailed in SM [46], we have also explored alternative
background treatments (such as using an OFF region and
incorporating a power-law component), which result in
slightly stronger constraints, thereby confirming the con-
servative nature of our primary approach. We stack and
regroup the data into 5-keV wide energy bins, focusing on a
fiducial energy range of 30-70 keV. We do not consider
energies below 30 keV to mitigate potential effects of
insufficiently accurate modeling of low-energy astrophysi-
cal x-ray emission from the Galaxy, following the approach
outlined in [65]. To compute the expected axion decay
signal counts at the NuSTAR FPMs for a given set of
nuisance parameters 6 = {g,,, m,}, we forward-model the
photon signal from axion decay through the instrument
response files and exposure times of each observation.
This process is performed for each energy bin i, angular
bin «, observation, and module. We then sum over all

observations and both modules to obtain the total expected
counts N¢ ().

In order to obtain the bounds from M&2, we model the
signal as the superposition of the axion decay component
N¢ (@) in each angular and energy bin, and an isotropic
background. We model the latter with a completely free
energy spectrum, so we treat the fluxes in each of the eight
energy bins as nuisance parameters, and the count rate

N?ﬁ (@) in each angular bin is proportional to the solid angle
of the bin. We do not include here an energy-dependent
component for the astrophysical signal in the central bin,
which is often modeled as a power law; this is conservative,
because such a signal acts as a background for astrophysi-
cal searches. More importantly, as further discussed in
SM [46], we have explicitly verified that our constraints
are only marginally increased by subtracting off the back-
ground using an OFF region and modeling the photon
signal from the central M82 source with a power law.
This can be explained by taking into account that for the
values of the coupling we are probing the main contribution
to the axion signal comes from an ON region of radius
<2’ and, for the largest masses we are interested in
[m, = O(100) keV], constraints are dominated by the
high-energy bins in the ON region, where the astrophysical
background becomes smaller. The observed counts in
each bin are denoted by N9>. To obtain our bounds, we
introduce a log-likelihood A

A(gayv ma) = maxoz |:N?(ES log(N?a + N?o%) - N?{x - N?f} :
ia
(4)

We now define a test statistic (TS) following the prescrip-
tions of Ref. [71]as TS = —2(A — max,, A) if g,, is above
the best-fit value that maximizes A, and TS = 0 otherwise.
With this definition, the TS follows a half-chi-squared
distribution with one degree of freedom, and the upper
bounds on g,, can be obtained by the threshold condi-
tion TS = 2.7.

Discussion and outlook—Our bounds, shown in Fig. 2,
are more than an order of magnitude stronger than other
astrophysical bounds in the mass range of 30-300 keV. Part
of the excluded region is already ruled out by arguments
based on the freeze-in of the axions in the early Universe;
this is a cosmological observable highly complementary
to the astrophysical one introduced here. An additional
cosmological observable that can rule out parameter space
of interest to us is the spectral distortion of the cosmic
microwave background induced by axions decaying to
photons in the early Universe. Here, we report these bounds
as shown in Ref. [31], which have been indirectly obtained
from Ref. [30]. Our arguments rule out a previously
uncharted region of parameter space which, at masses of
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several hundreds of keV, supersedes the previous bounds
by nearly an order of magnitude.

NuSTAR provides an excellent instrument for the
signature we identified, due to its angular resolution that
allows us to probe the angular distribution over angles close
to a few arcminutes from the source. Notice also that the
constrained couplings lead to a decay length larger than
~Mpc; that means that extragalactic sources are best suited
for this kind of search. On the other hand, Fig. 3 also
shows that the energy window probed by NuSTAR is not
directly centered on the peak of the photon spectrum.
Therefore, measurements at higher photon energies in the
hundreds of keV range, corresponding to the range of,
e.g., INTEGRAL, could offer some advantage and com-
plementarity to the strategy followed here. This is espe-
cially true since a tiny portion of the axions, produced with
nonrelativistic velocities below the escape velocity of their
progenitor star, might remain trapped around the star and
form a “basin” similar to the solar basin. These axions,
being at rest, would produce photons in the hundreds
of keV region. We will consider the potential of these
complementary signatures in a future work.

We should also distinguish our new observable from the
recent proposal of Ref. [72], which considers a scenario in
which axions are produced in the stellar cores through
electron and photon couplings within Alpha Centauri,
remain gravitationally trapped, and subsequently decay
nearly at rest into photons. In our case, the temperatures of
the stars dominating axion production are much higher, so
our bounds reach up to much larger axion masses.

Notice that in this work we assume a minimal axion
coupling to photons only. Obviously, for a specific
UV-complete model, couplings to other species could be
present as well. We focus here on the introduction of a
novel observable whose relevance is general; the specifics
of a given model only affect the details, but not the core,
of our approach. For example, an additional coupling to
electrons could enhance the axion emissivity from stellar
cores, leading to strong constraints on the combined
parameter space; this would only enlarge the parameter
space without providing new insight. On the other hand, for
a given UV-complete model, our approach can easily be
extended to include the correct production processes.

To summarize, we have found that the cores of heavy
stars within SBGs are by far the most powerful astrophysi-
cal probe of axion production in the tens-to-hundreds of
keV mass range. Cosmological observables offer orthogo-
nal probes, but our new argument can still exclude regions
of parameter space that were previously allowed. By the
same token, we expect other FIPs with radiative decay
channels, such as sterile neutrinos, to also be probed by
similar arguments. In this way, we have extended the
observability of radiatively decaying FIPs to a new class of
astrophysical sources.
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